Particulate and high emissions of NO x are the main problems that are associated with diesel engines. Therefore, techniques and fuels that promote a reduction in these emissions currently are attracting great interest. In this paper, a mixture of acetal and regular diesel fuel has been tested in a heavy-duty diesel engine. The effect was a marked decrease in particle number and the estimated particle mass. A small reduction of the engine power was also observed; however, the net effect was nevertheless a reduction in the emission of CO 2 per European stationary cycle. The emissions of HC, CO, NO x , some aldehydes, and hydrocarbons were only slightly affected by the new fuel composition. An exception was the emission of acetaldehyde, which was almost quadrupled, probably reflecting the decomposition and oxidation of acetal to acetaldehyde.
Introduction
There is an increased interest in using oxygenates as additives in diesel fuel. The reason for this seems to be political; both the European Union (EU) and the United States have declared their interest in promoting the use of bioenergy (1, 2). Numerous studies have also shown that oxygen-containing compounds that are added to diesel fuel reduce the particulate matter (PM) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . In contrast, aldehydes seem to be emitted in somewhat higher levels when oxygenates are added (3) (4) (5) . NOx emissions, on the other hand, have been reported to decrease when oxygenates are added (3, 6) . Different organic compounds (for example, alcohols, ethers, and esthers) have been studied as potential additives to diesel, and the influence of the levels of particles as well as other components have been reported (3, (7) (8) (9) (10) (11) (12) (13) . A general finding is that the reduction of particles seems to be linearly dependent on the oxygen content, and, thus, the blend with the highest oxygen content results in the highest reduction of particles (14) (15) (16) . Most of the investigations also report that the effect of the chemical structure is negligible, compared to the effect of the oxygen content (14) (15) (16) (17) . Cheng et al., for example, formulated fuels blends with up to 15 wt % of oxygen and tested them in a Cummins B 5.9 directinjection diesel engine (14) . The reduction of particles was almost linearly dependent on the oxygen content, and, thus, the blend with the highest oxygen content resulted in the highest reduction of particles. The effect of oxygenate chemical structure on measured particulate emissions was small. The authors also suggested, from numerical modeling, several mechanisms in which oxygenates reduce the production of soot precursors and, hence, soot and particles.
Four different oxygenates was tested in a four-valve, threecylinder, 1.26-L prototype engine equipped with common rail fuel injection by Hilden et al. (15) . The oxygenate compounds were chosen by the investigators, so that the impact from volatility, concentration, and chemical type (aromatic or aliphatic) on particulate emissions could be studied. Generally, volatility had little effect on emitted particle emissions, whereas increased oxygen content resulted in an increased reduction of particulate emissions. The highest reductions of particulate emissions were observed for tripropylene glycol monomethyl ether and diisobutyl adipate, followed by dipropylene glycol monomethyl ether. The aromatic oxygenate dibutyl phthalate was observed to increase emitted particulate emission.
The effect of five different oxygenates that were added to a low-sulfur diesel fuel and a Fischer-Tropsch fuel was studied by Hallgren and Heywood (16) . Particles were measured both in terms of PM (i.e., on filter) and particle size and number emissions, using a scanning mobility particle sizer (SMPS). The total number fraction of particles emitted was approximately the same for all fuels, whereas the volume fraction decreased when oxygenated fuel was used. The reductions of particles were related to the oxygen content and the oxygen-containing functional group. Agreement was observed between the relative trends noticed on the integrated SMPS particle volume fraction and filter-based mass measurement. Preliminary physical and chemical characterization of particulate matter from the reference fuel and oxygenated fuels did not reveal any significant morphological or compositional differences.
In this study 1,1-diethoxyethane, which is an acetal, has been added to diesel fuel. This particular oxygenate has been a subject in several investigations, but neither the emission performance nor combustion performance has been determined to have been reported for the actual compound neat or when blended into diesel (7, 18) . Other acetals have been studied more extensively. Bertola and Boulouchos found that butylal, which is an acetal compound, offers advantages over other oxygenates because of the fact that its physical properties are very similar to those of common diesel fuel (7) . Some preliminary studies with this oxygenate on a singlecylinder research engine showed that butylal substantially reduced the exhaust gas opacity but did not affect the NOx emissions (7) . Butylal was also included in a second investigation, in which one investigated the influence of injection parameters and fuel composition on particulate emissions (20) . Two different blends, containing ∼15% and 50% butylal, efficiently reduced both the particle size and number concentrations.
The aim of present study has been to investigate 1,1-diethoxyethane as an additive to diesel fuel. Particle number, particle size, and the share of volatile particles have been studied, as well as the emissions of some aldehydes and hydrocarbons. The tests have been performed with a heavyduty engine that was mounted on an engine test bed and operating on low-sulfur Swedish diesel fuel. Engine performance and the emissions of NOx, CO, and HC are also reported.
Experimental Section
Engine and Fuels. A Scania 9 L compression-ignition diesel engine with electronically controlled fuel injection has been used without any emission control. This type of engine is frequently used today and will probably be common for a long period. The emission performance can be improved with emission control, i.e., exhaust gas recirculation (EGR) and diesel particulate filters (DPFs) (22, 23) .
The engine technology is somewhat outdated, compared to the most advanced engines on the market today. Stateof-the art heavy-duty diesel engines use unit injectors or common-rail systems. It can also be noted that the engine has two valves in the cylinder head, whereas modern engines normally have four valves. The design with four valves utilizes a central nozzle, which reduces emissions, because of a more uniform fuel spray.
Several factors are of the greatest concern when new fuels or fuel compositions are introduced into the market. First, the fuel must fulfill valid fuel specifications, to give proper function to the engine. Second, there must not be any disadvantages, compared to the fuel "ordinarily" used (hazardous emissions, power losses, odor, major fuel penalties, etc.). The mixture of acetal and EC 1 fuel almost fulfills the specification for Swedish environmental class 1 fuel and only minor differences can be noticed between the acetal/ diesel mixture and neat diesel (see Table 1 ). Larger differences are only observed for the distillation and flashpoint properties, which show lower values than specified. These lower values are probably results from the addition of acetal with flashpoint (-20°C) and boiling point (103.2°C) (18, 24) . Nevertheless, the analyzed properties of the mixture of diesel and acetal shows acceptable values to be regarded as a suitable diesel fuel.
Test Equipment and Test Conditions. All tests have been performed with the engine mounted on an engine test bed and connected to a Schenk/LE630 dynamometer controlled by a Schenk and AVL/PUMA system. The AVL/PUMA system was used to program the test conditions that were applied: the 13 modes of the European Stationary Cycle (ESC). Obtained engine/emission data were evaluated in accordance with the ESC test regulation (25) .
A heated flame ionization detector (HFID) (model VE5, from J.U.M.) has been used to measure the total hydrocarbon (HC) content. Carbon monoxide (CO) and carbon dioxide (CO2) were measured with two nondispersive infrared instruments Maihak UNOR 6N. NO and the thermally converted NO2 were determined using a chemiluminescence instrument (TECAN CLD700 ELHT) to yield the emissions of the various nitrogen oxides and the summarized value of NOx. Sampling was performed by pumping undiluted exhaust gas in heated sampling lines through the instrumentation. All instruments for measurements of regulated emissions and CO2 were purchased from BOO Instrument AB, Saltsjö Boo, Sweden, together with a personal computer and software for control and collection of measurement data. Measurements of NOx, HC, and CO content were performed in accordance with the ESC test cycles and were repeated nine times when the engine was operating on EC-1 diesel and five times when the engine was operating on A-diesel.
The software from BOO Instrument was also used for control and collection of measurement data obtained from sensors that were measuring pressure, temperature, and flow. Fuel consumption was determined by weight measurement, using a system constructed at Luleå University of Technology (LTU) in Sweden. The fuel weighing system also includes a means of heating the fuel using a heat exchanger.
Particles. Particles were sampled from the tailpipe with a commercial available mini-dilution system of the ejector pump-diluter type from Dekati Oy (Helsinki, Finland). The exhaust gas was diluted ∼44 times with filtered and tempered compressed air at ambient temperature (∼20°C). An SMPS (model 3936L25, from TSI, Inc., Shoreview, MN) has been used to measure the particle size and distribution. Particle sizes in the range of 9.65-422 nm were measured. Solid particles were measured two times (model 3065 Thermodenuder, from TSI, Inc., Shoreview, MN), and the total mass of particles were measured two times without the Thermodenuder. The measurements of solid and wet particles were made consecutively with and without the Thermodenuder. No corrections for particle loss in the Thermodenuder were made. Particle mass was calculated by the Aerosol Instrument Manager software that was supplied with the SMPS instrument.
Aldehydes. Formaldehyde, acetaldehyde, acrolein, and benzaldehyde were sampled by forcing undiluted exhaust gas samples through 2,4-dinitrophenylhydrazine (DNPH)-coated cartridges (26) . The connection between the tail pipe and the cartridges was heated to avoid condensation. Using high-pressure liquid chromatography (HPLC) and ultraviolet/ visible light (UV/VIS) detection, the aldehydes were later analyzed and identified to be 2,4-dinitrophenylhydrazones. The cartridges used were Sep-Pak DNPH silica (purchased from Waters).
Hydrocarbons. Analyses of hydrocarbons, ethane, ethene, acetylene, propane, propene, propyne, propadiene, isobutane, 1-butene, isobutene, toluene, and benzene were performed by directing exhaust gas sampled in Tedlar bags (made by SKC, Inc., Houston, TX) into a volatile organic compound (VOC)-air analyzer, a advanced gas chromatographic system, purchased from Chrompack (The Netherlands), which currently is part of Varian, Inc. (Palo Alto, CA). The hydrocarbons were sampled from the bag and concentrated cryogenically before injection onto the chromatographic column. The separated HCs were detected by the same technique as used for the other HC material (i.e., by HFID). Further information about the VOC-air analyzer and the method used can be found in ref 27 . Sampling was made in accordance to the procedure described by Lipari (28) .
To minimize sample losses from stored Tedlar bags, all bags were stored in darkness and the time before analysis was kept as short as possible. These measures were taken to minimize the risk for reaction between the exhaust gas components and minimize the risk of sample loss (28, 29) .
Acetal. Sampling of acetal was performed by bubbling exhaust gas in hexane, which was used as an impinger fluid. The impingers were kept cold using an ice bath. Acetal was later analyzed in a temperature-programmed gas chromatography (GC) system (Varian 3400, Varian, Inc., Palo Alto, CA) that was equipped with a J&W Scientific capillary DB-1 column (60 m in length and 0.32 mm in diameter, with a film thickness of 1.0 µm).
Results and Conclusion
Particle size and distribution have been measured both as total particle size and distribution and as dry particle size and distribution. Wet particles, which are the volatile particles, are the share of the particles that originate from the combustion, unburned fuel, partly combusted fuel, oil fumes, water, and so forth (30) . These exhaust gas constituents is most likely formed during low load and low speed conditions (30, 31) . The low temperatures during these steps probably result in the inability of the chemical constituents to evaporate or react completely and, therefore, the constituents will condensate on the particles instead. As a consequence, the content of potentially cancer-causing pollutants, such as polyaromatic hydrocarbons (PAHs), has been determined to be higher in particulate formed at low temperatures than at higher temperatures (30) . The solid particles, i.e., the particles in the combustion aerosol that do not evaporate when they are exposed to higher temperatures, are particles that mainly consist of carbon (30, 32) . The main part of all particles is carbonaceous and is formed under the combustion of the fuel in regions of the cylinder where the oxygen supply is insufficient (32).
The particle size distribution plot for the EC-1 fuel with and without addition of acetal is shown in Figure 1 . As expected, the emitted particle number emissions were largest when the engine was operating on neat EC-1 fuel (see EC-1 plot in Figure 1 and number in Table 2 ). The emitted total particle number emissions was reduced by 23.1% when the engine was operating on A-diesel instead of EC-1 diesel (see Table 2 ).
Measurements with the Thermodenuder coupled before the SMPS instrument showed that only 62.6% of the particle number were solid (see EC-1 in Table 2 ). This means that 62.6% of the particles are soot and the remaining particles (37.1%) are so-called wet particles when the engine is operating on neat diesel. The share of solid particles was determined to be approximately the same (63.7%) when A-diesel was used. This indicates that the ratio between wet and solid particles is approximately the same for EC-1 and A-diesel.
To facilitate the interpretation of particle data, two figures were constructed that showed emitted particles when using EC-1 diesel or A-diesel. In the first figure (Figure 1) , the weighted particle size distribution is shown. In the second figure (Figure 2 ), the logarithmic weighted particle size distribution is shown. It can easily be seen that the addition of acetal influences the particle size throughout all measured particle sizes; however, the influence seems to be somewhat higher on larger particle sizes, i.e., particles with a mobility diameter of >130 nm. This effect on particle size when using oxygenated fuels has also been observed by other researchers (16) .
A plot of dry and wet particles for A-diesel and EC-1 (not shown here) revealed no major differences between the two fuels. Actually, the similarities were predominant; particulate emission was preferably formed during low load conditions with small differences between the wet/solid ratio that are formed during each operating condition. A trend that could be noticed was also that the content of wet particles was high at low loads and low speeds. The observed trend agrees with known facts, that volatile particles are formed in a higher degree during low-temperature conditions. In summary, acetal seems to influence particle emissions by reducing the number of particles during all operating conditions in all sizes with a somewhat higher reduction for the larger particles (i.e., larger than 130 nm, as seen in Figure 2 ).
Particle mass was calculated from particle size and particle number data by the software provided. Particles >422 nm in size were excluded, although, under real conditions, they have a substantial weight. The particle mass was calculated by assuming that the particle is a round sphere with a density of 1.2 g/cm 3 , which is a value that has been retrieved from literature data (33) . It must be stressed that calculation of the particle mass, using SMPS measurements and the software provided, is not coherent with the accreditation procedure, which uses weighing. This part of the investigation mostly detects changes and variations in particle mass.
A closer look at the estimated particle mass (see Table 2 ) supports the earlier finding that larger particles disappeared to a greater extent than smaller particles when adding acetal to diesel. The indication for this is that the reduction of particle mass was 34.6%, whereas the reduction in particle number emissions was only 23% for the same event.
Measurements of NOx, HC, and CO content were performed in accordance with the ESC test cycles (see Table 3 ). Notice that there is a small decrease in emitted NOx emissions (∼3.2%) when the engine is operating with A-diesel instead of neat EC-1 diesel. To confirm that the difference was statistically significant, a Student's t-test was performed (34) . The test confirmed that the difference between the measured set of emission values for neat EC-1 diesel and A-diesel was significant at a 95% confidence interval. Thus, the 3.2% decrease in emitted NOx emissions was statistically significant.
The increases in HC emission and CO emission (4.9% and 3.8%, respectively) were also statistically significant. An FIGURE 2. Weighted calculated logarithmic total particle size distributions for the engine operating in accordance to ESC.
explanation for these figures can be the lower cetane number of A-diesel, which may retard the start of combustion and, thus, result in the higher emissions of HC and CO that were observed (35) . The lower cetane number may also explain the diminished NOx formation that was observed (see Table  3 ) (32).
It is well-known that diesel exhaust gas is a complex mixture of hundreds of constituents in gas or particle form, many of which are environmental and health hazards (36) . Exposure to benzene is known to increase the risk of leukemia (37) . Alkenes such as ethene and propene are converted by metabolism in the human body to their corresponding epoxides, which may react in the cells and thus initiate a mutagenic effect (38) . Formaldehyde and acetaldehyde are classified as probable carcinogens by the National Institute for Occupational Safety and Health (NIOSH), the World Health Organization (WHO), and the EU. A third aldehyde (acrolein) is listed as a possible human carcinogen by the U.S. Environmental Protection Agency (EPA) (37) . Furthermore, the aldehydes, as a group, after nitrogen oxides, are one of the most powerful agents for smog formation in reaction with HCs (39) .
All HCs, except for methane, participate in the formation of ground-level ozone (39) . The potential to form ozone can be estimated by the maximum incremental reactivity (MIR) (40) (41) (42) . A small difference in molecular structure can influence these factors substantially. For example, ethane has an MIR value of 0.35 mg O3/mg VOC, whereas ethene, which only differs from ethane by having two fewer hydrogens, has an MIR value of 9.97 mg O3/mg VOC and, thus, is a larger environmental threat. This further emphasizes the importance to evaluate compounds individually.
All of the already mentioned compounds have been selected for further investigation, together with some additional compounds. In total, 4 aldehydes were measured (formaldehyde, acetaldehyde, acrolein, and benzaldehyde), together with 12 hydrocarbons (ethane, ethene, acetylene, propane, propene, propyne, propadiene, isobutane, 1-butene, isobutene, benzene, and toluene).
To facilitate a comparison between the emissions obtained with and without the addition of acetal, weighted emissions factors were calculated, in accordance to the ESC test regulation (i.e., by multiplying emissions found in each of the steps in the ESC by the weighting factors used in the ESC). Thereby, one weighted value was obtained for each of the investigated compounds, representing the entire ESC (see Figures 3 and 4 .
It soon became evident during the analysis that benzaldehyde was not detected in a majority of the steps in the ESC. Therefore, benzaldehyde was omitted from the following discussion.
Generally, an increase in emitted aldehyde emissions was observed when the engine was operating on A-diesel instead of neat EC-1 diesel. The formaldehyde, acetaldehyde, and acroleine contents increased, by 26%, 289%, and 4.7%, respectively. The moderate increase of formaldehyde and acroleine, compared to acetaldehyde, is probably due to the somewhat more incomplete combustion, when the engine is operating on A-diesel instead of neat EC-1 diesel. The increase in acetaldehyde emission is most likely connected to the decomposition of acetal from the fuel in some way. An indication of this conclusion is that acetaldehyde and ethanol are used in the production of acetal (43) . Second, the molecule (see Figure 5 ) can form advantageous, lowenergy, transition states, and if an elimination reaction or, alternatively, a radical reaction occurs with a following bond breakage, this yield acetaldehyde after rearrangement/ oxidation (44) . In either case, if the acetal molecules easily decompose, the possibility of finding acetal in the exhaust gas would be low. Therefore, some additional tests were performed by sampling gas through ice-cooled impinger bottles filled with hexane and analyzing the samples thereafter using GC-FID. The limit of detection was ∼0.5 ppm and acetal was only detected in 1 out of 13 modes (idle mode), supporting the view that acetal is easily decomposed. However, the subject should be further studied to establish the suggested conclusion.
Ethene, propene, benzene, and toluene belonged to the group of individual hydrocarbons that were most abundant in the exhaust gas. Unfortunately, these also were the most hazardous hydrocarbons of those investigated. The trend was that the polyunsaturated hydrocarbons (i.e., aromatic and alkynes) decreased whereas the unsaturated alkenes increased when using A-diesel. The investigated alkeness ethane, propene, 1-butene, and isobutenesincreased by 13.7%, 6.4%, 10.7%, and 58.5%, respectively, when the engine was operating on A-diesel instead of neat EC-1 diesel. The 58.5% increase in isobutene was from low levels; hence, the increase in real numbers was 0.5 mg/kWh. The figures for the reduction of polyunsaturated compoundssacetylene, benzene, and tolueneswere 44.3%, 25.3%, and 24.4%, when the engine was operating on A-diesel instead of EC-1 diesel. Propyne was detected only occasionally, and in low levels at that, when the engine was operating on A-diesel. The only exception from the observation that polyunsaturated compounds decreased when using A-diesel, was propadiene, which increased by >200%. However, the increase was from small figures (see Table 4 ).
The observation that compounds such as acetylene, propyne, benzene, and toluene decreased when acetal was added to diesel was interesting and consistent with the idea that these compounds have a role in the early stages of soot formation (32) . The finding may indicate a possible association between the decrease in particle number emissions observed, when using A-diesel instead of neat EC-1 diesel, and the lower levels of presumed soot precursors.
A class of hydrocarbons that has not yet been mentioned is saturated hydrocarbons. The observed effect, when exchanging EC-1 diesel for A-diesel, was a small increase. Ethane emission increased from 0.24 mg/kWh to 0.32 mg/kWh, the propane level increased from 1.70 mg/kWh to 1.97 mg/kWh, and the isobutane levels increased from 0.07 mg/kWh to 0.08 mg/kWh.
To summarize the effect of aldehydes and hydrocarbons on the environment, the accumulated MIR effect was calculated from the values given in Table 4 . The conclusion is that the ground-level ozone content will increase by 46% when A-diesel is used instead of EC-1 diesel. However, if acetaldehyde is excluded from the calculations, the change is only 13.1%. Thus, of these investigated compounds, acetaldehyde is the compound responsible for the major portion of the change.
Engine performance was also compared when using the two different fuels (see Figure 6 ). The power output was higher when the engine was operating on EC-1 diesel instead of A-diesel. This was what could be expected because A-diesel has lower energy content than EC-1 diesel (see Table 1 ). Yet, this cannot explain the entire difference obtained, when comparing the average power loss (6.7%) with the 3% lower heat value.
The largest losses of power (expressed as a percentage) were observed at low speeds. Between 800 and 1700 rpm, the power losses were between 7.5% and 6.5%, whereas higher speeds (i.e., >2000 rpm), the power losses are ∼5.5%. Nevertheless, there is a gap between the energy content and the power losses, even though the gap decreases when the speed increases. A possible explanation for the observed trend between the expected and observed power losses is that the oxygen in the fuel is not fully utilized at low speed. When the speed increases, the oxygen in the fuel is utilized more. The remaining difference may be attributed to engine-specific influences, from the engine design, which strongly affect fuel consumption and efficiency (32) . However, efficiency may be compensated for with engine tuning that better suits the A-diesel.
A consequence of the lower energy content of A-diesel was also 4% higher specific fuel consumption. Specific fuel consumption was 223.6 g/kWh for A-diesel and 215.0 g/kWh for EC-1 diesel when operating according to the steps in the ESC. However, if one consider the fact that 10% of A-diesel consisted of acetal that originated from biomass, the net contribution of CO2 to the atmosphere actually diminished by ∼6.4%, despite the higher fuel consumption that was observed.
Summary
The investigation has shown that acetal is suitable as a blending component to diesel fuel. Acetal can be made from bio-based ethanol, and when it is blended into diesel, the fuel mixture develops qualities similar to the diesel fuel into which it is blended. Furthermore, A-diesel has beneficial effects on some of the emission components. Particle number emission decreased by 23%, estimated particulate mass emissions decreased by 34.6%, and NOx emissions decreased by 3.2%. Unfortunately, CO and HC emission increased by 3.8% and 4.9%, respectively. Minor changes were observed in the levels of the investigated aldehydes and hydrocarbons, when operating the engine with and without the addition of acetal. One exception to this was the acetaldehyde emissions, which increased as much as 289% when using A-diesel. There was a small power loss and a small fuel penalty was noticed when the engine was operating on A-diesel. Nevertheless, a reduction of 6.4% of the net contribution of CO2 emissions to the atmosphere was achieved, when considering that the acetal was made from biomass. Because of the fact that the emissions of particles, NOx, and CO2 decreased when the engine was operating on the acetal mixture compared to EC-1 fuel, a cautious conclusion is that A-diesel can be more beneficial as an automotive fuel than EC-1 diesel. However, one must recall that the result is from a single engine, there were higher levels of acetaldehyde, and many components in the exhaust gas remain unanalyzed. However, the increase in engine-out emissions of acetaldehyde can probably be reduced by exhaust gas after treatment (e.g., a catalyst), which most likely will be a necessity to achieve future regulation specifications. 
